Abstract
Introduction
Gentamicin killing assay 23 Bacterial invasion was assessed 3 h after infection (MOI 50). 1 hour after the infection the 24 cells were washed three times with phosphate-buffered saline, fresh medium with 100 µg of 25 gentamicin/ml was added, and the cells were incubated for another 2 h at 37°C and then lysed 26 with 1% Triton X-100 and plated on selective LB agar plates in appropriate dilutions. 1 
2

Serum resistance test 3
Pooled normal human serum (NHS) from healthy donors was purchased from the transfusion 4 medicine department of the university hospital Tuebingen, aliquoted and stored at -80°C. Ye 5 were grown to exponential phase at 37°C, washed once with PBS and OD600 was 6 determined. 3 x 10 6 bacteria were incubated in 25 % NHS for 1 h at 37°C. As a control, 7 bacteria were incubated in heat inactivated serum (HIS). Complement activity was stopped by 8 placing the samples on ice and by the addition of 1 volume of brain heart infusion medium. 9
Serial dilutions (10 -1 -10 -6 ) of the bacteria were plated on selective agar and incubated at 10 27°C for 48 h. The serum bactericidal effect was calculated as the survival percentage, taking 11 the bacterial counts obtained with bacteria incubated in HIS as 100 %. The killing experiment 12 was repeated for each strain at least three times, starting from independent cultures. 13 
14
Quantification of FactorH/FHL-1 and C4BP binding by flow cytometry 15
The capacity of Ye WAP, Ye YadA0, the reconstituted strain Ye YadAwt and the different 16 YadA G389 point mutants to bind factor H/FHL-1 or C4BP from heat-inavtivated normal 17 human serum (HIS), purified factor H or purified C4BP (each 200 µg/ml; Complement 18 Technology, Tyler, TE) was analyzed by flow cytometry. The different strains from overnight 19 cultures (grown at 27°C) were grown until mid log phase and washed once in PBS containing 20 2 % BSA. Bacteria (10 8 ) were incubated with HIS for 1 h at 37°C. After washings, bacteria 21
were incubated with rabbit anti-factor H antiserum directed against short consensus repeats 22 (SCRs) 1-4 (24) or rabbit anti-C4BP pAb (Complement Technology, Tyler, TE) for 30 min on 23 ice, followed by incubation with the Alexafluor 488-conjugated swine anti-rabbit pAb. After 24 two additional washes, bacteria were analyzed in a flow cytometer (FACScan LRII, Dickinson, Mountain View, California, USA). All incubations were done in a final volume of 26 1 secondary pAbs were added separately as a negative control for each strain analyzed. 2 
3
Cofactor assay 4
Ye WAP, Ye YadA0, Ye YadAwt and Ye G389A (5x10 8 ) were incubated with Factor H (100 5 mg/ml) in DPBS for 1 h at 37°C. After thorough washing in the same buffer, the bacteria 6 were incubated with C3b (2.4 µg/ml) and Factor I (4.8 µg/ml) for 15 min at 37°C. The 7 reactions were terminated by the addition of SDS-PAGE sample buffer (RotiLoad1, Carl Roth 8 GmbH, Karlsruhe, Germany). The samples were analyzed by SDS-PAGE and transferred to a 9 nitrocellulose membrane. C3b degradation was analyzed using goat anti-human C3 pAb 10 (Complement Technology), followed by HRP-conjugated rabbit anti-goat pAb (Dakopatts). 11
After additional washings, development was performed with ECL Western blotting detection 12 reagent (Applichem). 13 
14
Virulence test 15
For systemic infection bacteria were grown in Luria Bertani broth at 27°C, harvested during 16 the log phase, and frozen in 1 ml aliquots at -80°C. Prior to each experiment, an aliquot was 17 thawed, washed, and resuspended in sterile phosphate-buffered saline (PBS), pH 7.4. Mice 18
were then injected with 1 x 10 5 bacteria in a volume of 100 µl into their tail vein. 24 h after 19 infection mice were sacrificed. Serum was collected and the spleen was removed. Half of the 20 spleen was used to determine the bacterial load by plating their homogenates in serial 21 dilutions onto selective agar plates. The other half was used for immunohistology. For 22 orogastric infection bacteria were grown for 18h at 27°C, diluted to an OD 600 0.1 and grown 23 for another 2-3 h at 27°C, washed with PBS, and diluted to the appropriate infectious dose in 24 PBS. Mice were intragastrically infected with 1x10 9 bacteria and sacrificed on day 3 after 25 infection (animal licensing committee permission No. H5/08). Organs were homogenized in 5 1 ml (spleen) or 3 ml (MLN and PP) PBS containing 0.1% Tergitol TMN10 (Fluka) and 0.1% 2 BSA (Biochrom). The number of bacteria was determined by plating 0.1 ml of serial dilutions 3 of the homogenates on Yersinia selective agar. The lower limit of detectable CFUs per organ 4 by this method was 50 (log 10 50 = 1.7) in spleen and 30 (log 10 30 = 1.5) in PPs and MLNs 5 (PPs and MLNs were pooled separately and are referred to as one organ). Higher values for 6 the detection limits (Fig. 7) result from the fact that CFUs per gram of organ are shown. 7
To assure presence of the recombinated virulence plasmid bacteria were plated in duplicate 8 on CIN agar and CIN supplemented with the appropriate antibiotics. In all experiments 9 bacterial counts were comparable on agar with or without selective antibiotics indicating that 10 the plasmid was still present. The CFU was determined after 2 d of incubation as described 11 previously (3). 12 
13
Determination of CXCL1 production in serum 14
The blood of sacrificed mice was collected immediately and left on wet ice for at least 1 h. 15
Serum and clotted blood components were separated by centrifugation at 4°C and 2500 x g 16 for 10 min. The blood clot was removed and the resulting serum was aliquoted and stored at -17 80°C. Serum CXCL1 levels of infected mice were determined by using a capture enzyme-18 linked immunosorbent assay (KC-ELISA Duo set; R&D Systems, Wiesbaden, Germany). 19
20
Immunohistology 21
For immunohistological analysis the tissues were embedded in Tissue-Tek OCT compound 22 (Nunc, Roskilde, Denmark), snap-frozen in liquid nitrogen, and stored at -80°C. Frozen 23 sections were prepared and stained by an immunoperoxidase method using 3,3-24 diaminobenzidine-tetrahydrochloride acid (DAB; Sigma, Deisenhofen, Germany) as 25 chromogenic substrate. Nonspecific binding sites were blocked by the incubation of the 26 sections with PBS containing 10 % fetal calf (FCS) and 5 % normal goat serum (NGS). Anti-1
Yersinia antibody WA-vital (antibody risen against whole bacteria) was diluted 1:200 in PBS 2 containing 5 % FCS and 5 % NGS for 1 h at room temperature. The secondary antibody was 3 peroxidase-conjugated affinity purified F(ab') 2 fragment goat anti rabbit IgG (Jackson 4
ImmunoResearch; diluted 1:400). Isotype-matched irrelevant rabbit IgG was used in controls 5 and revealed no staining signal. The sections were counterstained with Mayer's hemalaun, 6 mounted, and assessed microscopically by two independent investigators. Immunostaining of 7 controls was negative for all groups tested. 8 9
Statistics 10
The data shown in the figures are from representative experiments. Comparable results were 11 obtained in at least two additional experiments. Differences between mean values were 12 analyzed using the one-way ANOVA test and a Bonferroni post test at a confidence interval 13 of 95 %. A p value of < 0.05 was considered statistically significant (*), a p value of 0.001-14 0.01 was considered to be very significant (**) and a p value < 0.001 to be extremely 15 significant (***). Error bars represent values ± SEM. 16
Results
18
Generation of Ye expressing point mutated versions of YadA 19
In our previous work we demonstrated that the replacement of a highly conserved glycine 20 residue within the YadA membrane anchor domain by amino acids with larger side chain size 21 affects both the trimer stability and the surface display of YadA expressed by E. coli 22 BL21(DE3)Omp8 (19). In order to gain knowledge about the actual virulence functions of 23
YadA, the point mutated versions of YadA in which G389 was exchanged by A, S, T, N, H 24 were expressed in Ye and analyzed for virulence functions in vitro and in vivo. 25 Site directed mutagenesis and generation of the Yersinia strains was performed essentially as 1 described (19, 35) . Fragments including the whole yadA gene and adjacent regions were 2 subcloned into the suicide plasmid pGP-704. For latter selection of recombined clones a 3 spectinomycin resistance cassette was introduced. These plasmids were transformed into E. 4 coli SM17λpir. As a recipient strain we used Ye YadA0, in which the yadA gene was 5 disrupted by the insertion of a kanamycin cassette. The wildtype yadA gene and the mutated 6 yadA genes, respectively, were introduced into the recipient strain via homologous 7 recombination and cointegrate formation. By the selection for resistance against 8 spectinomycin and kanamycin, the transconjugants harbouring cointegrates were identified. 9
Single colonies were screened for the presence of the intact full length yadA gene and PCR 10 products were sequenced to verify the point mutations. 11
12
Expression, trimer stability and surface display of YadA is reduced in G389 mutants 13 To assess expression, trimer formation and trimer stability of YadA G389 mutants expressed 14 in Ye, heated or unheated whole cell lysates of Ye expressing YadA wildtype or G389 mutants 15 were subjected to Western blot analysis. Figure 1A shows that a band of approximately 200 16 kD could be observed for YadAwt representing the trimeric form of YadA despite the heating 17 of samples. Mutant proteins G389A and G389S also formed trimers, but the stability was 18 reduced because in the heated samples only the monomeric form of YadA could be detected. 19
We were not able to detect the mutants G389T, G389N and G389H by the Western blot 20 analysis (Fig. 1A) . Recent work suggests that this might be due to degradation of accumulated 21
YadA mutant protein in the periplasmic space by proteases such as DegP (19). 22
To investigate whether the YadA mutants are actually transported and exposed onto the 23 bacterial surface we performed trypsin digestion experiments (Fig. 1B) digested samples were treated with 6M urea prior to loading to disrupt YadA trimers. As you 6 can see in Fig. 1B (lower panel) , the molecular weight of the resulting digestion products 7
suggests that these proteins experienced comparable truncations. 8
Immunofluorescence staining for YadA without the permeabilization of the bacteria and 9 subsequent microscopic analysis revealed that Ye WAP strain (parental YadA wildtype strain) 10 and the mutant strains expressing YadAwt, YadA G389A and YadA G389S displayed a 11 strong, homogenous ring-shaped fluorescence pattern ( Fig. 2A) . In contrast, Ye YadA G389T, 12
Ye YadA G389N and Ye YadA G389H revealed a weak and irregular staining pattern. This 13 may reflect an irregular distribution of YadA at the bacterial surface for yet unknown reasons. 14 To quantify fluorescence intensity we also performed flow cytometry analysis (Fig. 2B) 
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YadA has been demonstrated to promote autoagglutination of Ye (43) . The ability of YadA-1 expressing Ye to form cell aggregates and macrocolonies may affect colonization, growth and 2 thus virulence (15) . To address whether G389 point mutations affect autoagglutination, 3 bacteria were grown in RPMI 1640 medium supplemented with 10 % heat inactivated FCS or 4 minimal medium without FCS or LB medium at 37°C for 24 h according to the protocol 5 published by Laird and Cavanaugh (25) . Thereafter sedimentation of bacteria, clearance of the 6 culture medium and the formation of bacterial aggregates was monitored macroscopically, 7 densitometrically and by microscopy. The same results were obtained with minimal medium 8 or LB broth (data not shown). We found that Ye WAP rapidly settled from the suspension and 9 formed a pellet in the culture tube ( YadA specifically binds with high affinity to the alpha1 chain of collagen type I of triple-20 helical conformation and also to triple-helical collagen-like peptides (27, 41) . This binding 21 activity is conformation dependent and resides within the YadA head domain (35) . Adhesion 22 to extracellular matrix proteins has been implicated to be an important prerequisite for 23
Yersinia virulence in vivo. Therefore, we wanted to test if Ye mutant strains which display 24 reduced YadA surface levels are still able to bind to collagen type I and HeLa cells, 25 respectively. For this purpose, coverslips coated with collagen type I or confluent with HeLa 26 cells were incubated with Ye wild type and mutant strains. Adherent Ye were stained with 1 DAPI or fuchsine and counted on microscopic images (Fig. 4) . We found that the adhesion to 2 both collagen type I and HeLa cells was unaltered for Ye YadAwt, Ye G389A, Ye G389S as 3 compared with Ye WAP, whereas adhesion was largely abolished in Ye YadA0 mutant strain. 4
Adhesion was significantly reduced in Ye G389T, Ye G389N (p < 0.01) and Ye G389H 5 mutants (p < 0.001). which subsequently gives rise to a proinflammatory host cell response including production 20 of, e.g., IL-8 (17, 39, (45) (46) (47) . NF-κB is a key transcription factor involved in innate immune 21 responses to pathogens (9) . However, virulent Ye may suppress NF-κB activation and 22 cytokine production of host cells (2) . The ability to suppress cytokine responses has been 23 assigned to the presence of the Yersinia outer protein P (YopP) (37, 38) . 24 Sufficient attachment to host cells is believed to be prerequisite for cell invasion and the 25 on October 2, 2017 by guest http://iai.asm.org/ Downloaded from injection of Yops (11) . To assess whether Ye G389 mutants with unaltered or reduced 1 adherence to HeLa cells are affected in their ability to suppress host cell cytokine responses 2 and invasion, HeLa cells were exposed to Ye wild type and G389 mutant strains and IL-8 3 levels were determined in the cell culture supernatants after 6 hours (Fig. 5A) . The numbers 4 of internalized bacteria were determined by a gentamicin killing assay. In agreement with 5 previously published data (18) the avirulent strain Ye WAC (without pYV plasmid encoding 6
YadA) triggered production of IL-8 (~ 1500 pg/ml) and was internalized efficiently while the 7 virulent strain Ye WAP totally suppressed production of IL-8 and was significantly less increased ability to survive in NHS, whereas Ye G389A and Ye G389S displayed a decreased 1 ability to survive in NHS; Ye G389T, Ye G389N and Ye G389H were as sensitive to 2 complement killing as the YadA deficient strain Ye YadA0. 3 Recently, it has been shown that the ability of YadA to protect Ye from killing by complement 4 depends on its ability to bind complement regulatory components factor H and C4BP. By this 5
means Ye prevents deposition of activated C3 on the bacterial membrane (6, 23 (6) . Bacteria were 24 incubated in the presence or absence of factor H, intensively washed and afterwards factor I 25 and C3b were added. Following incubation for 15 min, all lysates were separated by SDS-26 PAGE. The cleavage of C3b was then analyzed by Western blotting. The cleavage products 1 generated in the presence of surface bound factor H and factor I showed comparable size as 2 the fragments generated by factor I in combination with factor H in fluid phase. When C3b 3 was incubated in the presence of factor H that has bound to the bacterial surface, the cleavage 4 products of α´43 and 41 kDa appeared (Fig. 6D) 
and Ye YadAwt. Taken together, the most interesting finding of all these assays is that Ye 10 G389A shows reduced serum resistance although it recruits similar amounts of FactorH and 11 C4BP when compared to Ye YadAwt. and their interaction with vascular endothelium at the site of infection is an early step of acute 24 inflammation (16) . As the Ye YadA G389 mutants testified to be significantly reduced in 25 virulence and abscess formation, we wanted to find out if they induce a systemic 26 inflammatory reaction in infected mice. Therefore we analysed CXCL1 levels in the serum of 1 systemically infected mice by ELISA (Fig. 7B) . We observed comparably increased levels of 2 CXCL1 in serum of mice infected with Ye WAP (~3500 pg/ml), Ye YadAwt (~2900 pg/ml) or 3
Ye G389A (~2800 pg/ml). In contrast, Ye G389S triggered a significantly lower level of 4 CXCL1 (~600 pg/ml), although this level was higher compared to uninfected controls. Only 5 background levels of CXCL1 could be detected in mice infected with Ye G389T, Ye G389N, 6
Ye G389H and Ye YadA0. To further analyse the consequences of YadA G389 mutations for 7 the natural route of a Yersinia infection, we orogastrically administered 5 x 10 9 bacteria to 8 mice (Fig. 7C) . Three days after infection, mice were sacrificed. Peyer´s patches (PP), 9 mesenteric lymph nodes and spleens were removed and the bacterial load of each organ was 10 determined. PP revealed comparable bacterial loads in mice infected with the Ye YadA 11 wildtype strain (log 10 CFU ~ 8), Ye G389A (log 10 CFU ~ 7) and Ye G389S (log 10 CFU ~ 6). 12 Nevertheless, only Ye YadAwt (log 10 CFU ~ 5.5) could be detected in mesenteric lymph 13 nodes indicating that efficient dissemination was impaired in the mutant strains. Accordingly, 14
only Ye YadAwt (log 10 CFU ~ 3.5) but not Ye G389A and Ye G389S colonized the spleens of 15 orally infected mice. 16
In conclusion, the data indicate that virulence of Ye YadA wildtype and Ye G389 mutant 17 strains in mice is closely associated with their ability to cause systemic infection including 18 significant bacterial burden in spleen, abscess formation and systemic CXCL1 serum levels. with Ye G389S only very few and very small abscesses were found; however, lymphoid 4 follicles were infiltrated by numerous polymorphonuclear leukocytes. Neither abscesses nor 5 signs of neutrophil inflammatory infiltrations were seen in mice infected with Ye YadA0, Ye 6 G389T, Ye G389N and Ye G389H. 7 8
Discussion
9
In the previous work we identified a highly conserved glycine residue (G389) within the 10 second beta-sheet of the YadA membrane anchor domain and demonstrated that it is involved 11 in YadA autotransport, trimer stability and YadA mediated serum resistance when expressed 12 in E. coli (19) . In the present study we wanted to clarify two issues: (i) what is the impact of 13 G389 for the YadA-associated in vitro virulence functions of Ye? To address this we we 14 introduced the G389 substitution mutations G389A, G389S, G389T, G389N and G389H into 15 G389H by immunofluorescence microscopy and flow cytometry indicating that these methods 25 are more sensitive than Western blotting. In E. coli we were able to rescue expression of 26 G389 yadA mutants by knocking out the periplasmic protease DegP (19). DegP is part of the 1 periplasmic stress response and responsible for degradation of misfolded proteins including 2 autotransporter proteins accumulating in the periplasm (22, 32) . Analogous to our 3 experiments with E. coli future experiments with a Ye ∆htrA mutant strain will have to 4 demonstrate whether the closely related periplasmic protease HtrA (28) is involved in 5 degradation of YadA G389 mutants. 6
YadA is the major adhesin of Ye and has been demonstrated to mediate autoagglutination 7 (43) . The exact mechanism of this phenomenon is not understood, but most likely due to the 8 hydrophobic nature of the bacterial surface and due to homologous interaction of highly 9 concentrated outer membrane proteins, YadA expressing bacteria readily settle out of a 10 suspension. However, the role of autoagglutination per se for virulence of Ye is not known. 11
Bacteria bearing the pYV virulence plasmid and expressing YadA in 3D collagen gels grow 12 as densely packed microcolonies while bacteria carrying the pYV plasmid, but lacking YadA, 13 grow as loosely packed microcolonies (15) . There appears to be a correlation between the 14 autoagglutination phenotype and growth behaviour in collagen gels (15) . Ye G389S displayed autoagglutination suggesting that YadA, but not invasin, contributes to 23 this effect. Ye G389T, Ye G389N and Ye G389H showed no significant sedimentation, most 24 probably due to the low quantity of YadA available for hydrophobic interactions. Ye YadA0, 25 however, in our hands displayed rapid autoagglutination. To rule out that this rather 26 unexpected result emanated from our experimental setting we repeated it under serum-free 1 conditions with minimal medium and LB but gained the same outcome. Therefore, we can 2 exclude that autoagglutination of Ye YadA0 was mediated by serum-originating components. 3 We rather think that there are other factors on the surface of Ye which are also capable of 4 mediating autoagglutination; these factors are masked by YadA. If there are only some 5 residual molecules of YadA present like in G389T, Ye G389N and Ye G389H, efficient 6 interaction of these unknown autoagglutination factors is blocked. The identification of these 7 factors is subject of future experiments. 8
In vitro, YadA induces cytokine production (e.g. IL-8) in host cells (39, 40) . This host cell 9 response can be suppressed by injection of Yops via the type III secretion system into the host 10 cells. To our surprise, a YadA-deficient strain also efficiently suppressed secretion of IL-8 by Systemic infection of mice with Ye YadA wt and YadA G389 mutant strains revealed that 6 only YadA wt was highly pathogenic in vivo associated with high splenic bacterial burden, 7 abscess formation and high CXCL1 serum levels while Ye YadA0, Ye YadA G389T, N and H 8 did not induce significant changes. Both Ye YadA G389A and G389S were attenuated but 9 retained their ability to induce abscesses and increased CXCL1 serum levels. Thus, Ye 10 YadA0, Ye YadA G389T, G389N and G389H are rapidly killed by the first line of host 11 defense (most likely complement), are not able to establish abscess formation and do not lead 12 to major inflammatory events including cytokine production. Ye YadA G389A and G389S 13 cannot be killed as efficiently probably due to their still present even though reduced serum 14 resistance. In an orogastric mouse infection model Ye YadAwt, G389A and G389S were able 15 to colonize the Peyer´s patches even though Ye YadA G389A and G389S were found in 16 slightly reduced numbers. Interestingly, only Ye YadAwt but not G389A and G389S were 17 found in mesenteric lymph nodes and could disseminate into the spleen at the time points 18 investigated. Although this may be the result of (i) a less efficient uptake by M-cells, (ii) a 19 more efficient killing by the host or (iii) a delayed bacterial growth within the host tissue, 20 scenario (ii) might be the most tempting one and will be pursued by exploring the virulence of 21
YadA mutants in mice deficient in complement system components. 
G389A
a point mutated version of YadA was reintroduced into the YadA0 strain; glycine at position 389 was replaced by alanine.
this study
G389S
a point mutated version of YadA was reintroduced into the YadA0 strain; glycine at position 389 was replaced by serine. this study
G389T
a point mutated version of YadA was reintroduced into the YadA0 strain; glycine at position 389 was replaced by threonine.
G389N
a point mutated version of YadA was reintroduced into the YadA0 strain; glycine at position 389 was replaced by asparagine.
this study 
